INTRODUCTION
In order to accommodate transport between the nucleoplasm and the cytoplasm, the nuclear envelope (NE) is fenestrated by nuclear pore complexes (NPCs), large multiprotein channels consisting of multiple copies of 30 different nucleoporins (Nups) (Alber et al., 2007a; Hetzer et al., 2005; Wente, 2000) . Nups can be classified into two categories: (1) scaffold Nups, which mainly consist of the large Nup107/160 and Nup93/205 complexes (Debler et al., 2008) , and (2) peripheral Nups. The latter extend from the membrane-embedded scaffold either into the pore channels or as filaments into the cytoplasm or the nucleoplasm (Alber et al., 2007b; Beck et al., 2004; Brohawn et al., 2009) . Whereas the scaffold is thought to provide structural integrity to the highly curved pore membrane, the peripheral Nups, many of which contain phenylalanine-glycine (FG)-repeats, are responsible for establishing the permeability barrier (D'Angelo et al., 2009 ) and mediating nuclear trafficking (Weis, 2002) .
In addition to their role as transport channels, NPCs have been implicated in chromatin organization and gene regulation (Akhtar and Gasser, 2007; Capelson and Hetzer, 2009) . Studies in yeast revealed that Nups can associate with promoters of active genes (Schmid et al., 2006) and that the expression of inducible genes is increased by interactions with nuclear pores (Taddei et al., 2006) . Furthermore, a genome-wide analysis in S. cerevisiae demonstrated that a subset of Nups can occupy regions of highly transcribed genes (Casolari et al., 2004) . Additionally, Nups have been shown to function as chromatin boundaries in S. cerevisiae (Dilworth et al., 2005; Ishii et al., 2002) . Boundary activity involves protection from nearby activating or repressive signals and constitutes another plausible function for NPCs in the organization of the genome into discrete chromatin domains. As further evidence for the role of the NPC in regulation of active chromatin, Nups have been found to participate in X chromosome transcriptional hyperactivation in dosage compensation of Drosophila melanogaster (Mendjan et al., 2006) . Interestingly, the only genome-wide study of Nup-chromatin association in animal cells revealed a correlation between the binding sites of Nups and regions enriched in repressive histone modifications (Brown et al., 2008) , which exhibited characteristics of sequences known to associate with the nuclear periphery in human cells (Guelen et al., 2008) . The observed discrepancy between yeast and human data suggests that the genomebinding pattern of the NPC may be quite different or more complex in metazoa. Furthermore, many of the peripheral Nups in mammalian cells have been shown to be mobile and to move dynamically on and off the pore ). Therefore, it seems possible that Nup-chromatin interactions could occur at distant sites from the NE, a notion that has some experimental support from the observation of intranuclear Nups (i.e., not associated with the NE) in mammalian cells (Enninga et al., 2003; Griffis et al., 2002) . Thus, the functional role of Nup-chromatin interactions and whether they occur exclusively at the nuclear periphery remain unresolved.
Given the functional implications of yeast Nups in gene regulation, we wanted to test whether NPC components play a role in gene expression of multicellular organisms. Here we demonstrate that different Nups bind to distinct regions of the Drosophila genome and that many of these interactions can occur at off-pore locations. More significantly, we show that a subset of NE-independent NPC proteins play an essential role in the induction of transcription of its target genes during Drosophila development, suggesting a direct function for Nups in the regulation of gene expression in metazoa.
RESULTS

A Subset of Nups Binds to Specific Sites of the Drosophila Genome
To study the potential role of Nups in metazoan gene regulation, we performed indirect immunofluorescence on polytene chromosome spreads using the antibody mAb414, which is a widely Figure 1 . A Subset of Nuclear Pore Components Binds Specific Sites in the Drosophila Genome (A) Polytene chromosome spreads were stained with mAb414, anti-Sec13, anti-Nup88, antiNup98, anti-Nup154, and anti-gp210 as indicated; chromosomes are stained with DAPI (blue) here and throughout the paper, unless otherwise indicated. (B) Polytene chromosomes of third-instar larvae of wandering LB stage from WT and Sec13 RNAi (top), Nup98 RNAi (middle), or nup88 05043 homozygotes (bottom) were stained with anti-Sec13 and anti-Su(Hw), anti-Nup98 and anti-Su(Hw), anti-Nup88 and anti-RNAP II, respectively. White arrows with numbers denote the same genomic locations for a particular Nup between chromosomes of WT and mutant larvae in a given panel. See also Figure S1 . Nuclear envelope remnants are indicated as NE.
used marker of NE-associated NPCs and has been shown to react with the FG-repeat domain of Nup62, Nup153, Nup214, and Nup358 (Davis and Blobel, 1987) . Strikingly, mAb414 stained dozens of specific sites on the chromosomes ( Figure 1A ). The staining pattern was highly reproducible among chromosomes of the same animal but varied among larvae of different developmental stages (see below). To determine whether additional Nups might exhibit chromatinbinding behavior, we used specific antibodies against representative components of the major subcomplexes of the NPC (Figure S2A available online) , including Sec13, a component of the stable Nup107/160 subcomplex (Siniossoglou et al., 1996; Vasu et al., 2001) , and Nup154, a member of the Nup93/ 205 subcomplex (Gigliotti et al., 1998; Hawryluk-Gara et al., 2005) . In addition, antibodies against the cytoplasmic filament component Nup88 (Roth et al., 2003) , the nucleoplasmic pore component Nup98, and the transmembrane nucleoporin gp210 (Greber et al., 1990 ) were analyzed. As expected, all antibodies were able to stain nuclear pores at the NE in cells of fly imaginal discs ( Figure S1A ). On chromosome spreads, we detected specific binding patterns with anti-Sec13, anti-Nup88, and anti-Nup98 antibodies (Figure 1A) , suggesting that various pore components are targeted to particular genomic sites. In contrast, the scaffold Nup154 and the transmembrane gp210 did not associate with chromatin.
To confirm the specificity of Nup-chromatin interactions, we knocked down Sec13 and Nup98 using inducible UAS-RNAi transgenic lines directed against the sec13 and nup98 gene transcripts (Dietzl et al., 2007) , which can be activated in salivary glands by a GAL4 gene under the control of an Sgs3 promoter (Cherbas et al., 2003) . The binding of both proteins at specific sites was reduced on chromosomes of larvae, in which Sec13 or Nup98 have been depleted by RNAi. In contrast, Suppressor of Hairy-wing (Su(Hw)), an unrelated chromatinbinding protein, was not affected in these animals ( Figure 1B ). The extent of the RNAi-induced knockdown of expression and the specificity of employed antibodies were further evidenced by a decrease in the total levels of Sec13 and Nup98 mRNA and protein in the salivary glands of the knockdown larvae relative to wild-type (WT) (Figures S1B-S1D) . Similarly, in a hypomorphic mutant of nup88, generated by the insertion of a P element in the 5 0 untranslated region (UTR) of the nup88 gene and characterized previously (Roth et al., 2003) , the stain- (A) Fixed intact polytene nuclei were stained with anti-Lamin and anti-Sec13, anti-Nup88, or antiNup154 antibodies and analyzed by confocal microscopy. Three-dimensional reconstructions were generated from multiple Z stacks. (B) NE contact sites, which correspond to regions of high probability of contacting NE, derived from Hochstrasser et al. (1986) , were plotted against mapped binding sites of Sec13 and Nup88 along chromosome 3L. 61-79 correspond to 23 cytological divisions of 3L, each of which is further subdivided into 6 subdivisions A-F; C and T mark the centromere and telomere, respectively. NE contacts sites are marked by black (intercalary heterochromatin) or unfilled (not intercalary heterochromatin) arrows and approximate cytological locations. For Sec13, all observed binding sites on 3L during wandering third-instar larval development are shown. (C) FISH probes generated from BAC clones spanning 78D and 75B were hybridized to either fixed intact polytene nuclei, followed by an anti-Lamin staining, or to chromosomes from the sister salivary glands, followed by anti-Sec13 staining; alternatively (right panel), fixed intact nuclei and chromosomes from the sister glands of heat-shocked (HS) larvae were stained with anti-Pep, which predominantly stains 93D after HS, and anti-Lamin or anti-Sec13 antibodies. Top panels show 3D reconstructions from Z stacks.
ing of Nup88 was diminished at the specific binding sites found in WT animals ( Figure 1B ). Together, these results provide cell biological evidence that various NPC components are present at specific chromatin sites in differentiating animal cells.
NPC Components Can Bind
Chromatin in an Off-Pore Manner in the Nuclear Interior Detection of genome-wide binding of various NPC components raised the question of whether these contacts all occur at the NE. To analyze the subnuclear localization of Nup-chromatin interactions, we performed indirect immunofluorescence analysis on intact salivary gland nuclei by using specific Nup antibodies in combination with an anti-Lamin antibody to mark the nuclear periphery (Gruenbaum et al., 2003) . The nuclei were analyzed by confocal microscopy and three-dimensional reconstructions were generated from multiple Z stacks. Consistent with our findings on chromosome spreads, the stable component Nup154 exclusively stained the NE but was not detectable at chromosome sites (Figure 2A) . In striking contrast, many of the chromatin-bound Sec13 and Nup88 loci did not colocalize with Lamin and thus the NE, suggesting that these sites are occupied by an intranuclear pool of NPC components (Figure 2A ).
To obtain additional evidence for the NE-independent nature of Nup-binding sites, we mapped Sec13 and Nup88 loci and compared them to the previously described NE contact sites of polytene chromosomes, which were computed as nuclear surface contact frequencies from sectioned salivary gland nuclei (Hochstrasser et al., 1986) (Figure 2B) . A detailed analysis of chromosome 3L revealed that multiple Sec13 and Nup88 sites do not correspond to NE contact sites. In addition, we mapped the 3D localization of two prominent Sec13-binding sites, 78D and 75B, by fluorescent in situ hybridization (FISH) in intact polytene nuclei. These genomic sites, which colocalize with Sec13 on chromosomes, were consistently detected away from the NE in the nucleoplasm ( Figure 2C ). These findings further support the notion of an intranuclear pool of Nups interacting with specific genomic sites away from the NE-embedded nuclear pores. 
NPC Components Bind to Functionally Distinct Regions of the Genome
To test if NPCs may be involved in transcriptional activation, we directly compared Nup-chromatin interactions to the localization pattern of active, hyperphosphorylated form of RNA polymerase II (RNAP II) (Palancade and Bensaude, 2003; Patturajan et al., 1998) . In support of the reported duality of NPC behavior in chromatin organization, binding of Sec13, Nup98, and mAb414-positive Nups were found to correlate with sites of active transcription, whereas Nup88 was found at loci that did not colocalize with active RNAP II ( Figures 3A-3D ).
Interestingly, whereas nearly all Sec13 sites colocalized with RNAP II, we noticed that the levels of these two proteins were often inversely proportional. For instance, a fraction of loci exhibited strong RNAP II but relatively weak Sec13 staining, while reciprocally a subset of strong Sec13 sites overlapped with a modest signal from RNAP II ( Figure 3A , yellow arrows). Furthermore, Nup98 was found to be recruited to the majority of Sec13 target loci ( Figure 3C , white arrows), whereas the mAb414-positive FG nucleoporins were present at a subset of Sec13 sites and appeared to be particularly enriched at highly decondensed regions called puffs ( Figure 3B , white arrows), suggesting that their recruitment is associated with high levels of transcription. This idea is also supported by images of the highly spread puffs ( Figure S2B ), which show the binding of FG Nups and Sec13 at overlapping but separable regions of a transcribing unit, suggesting that they may have distinct functions in gene expression.
Binding Behavior of Nups during Development
The inversely proportional levels of active RNAP II and Sec13/ Nup98 at sites of colocalization suggested that these Nups play a role in either transcriptional initiation or, conversely, the termination of transcriptional activity. To discriminate between these two possibilities, we studied the well-characterized transcriptional program during the wandering third-instar stage of larval development, which can be subdivided into morphologically distinguishable puff stages (PS) 1-10 (Ashburner, 1967) via the appearance and disappearance of puffs at specific genomic loci. Two main groups of genes were monitored during this 10 hr period of development (Huet et al., 1993; Thummel, 1990) : (1) the Intermolt genes, such as Sgs3 at position 68C, which are expressed first and become downregulated in response to a pulse of the molting hormone ecdysone, and (2) the Early or ecdysone-induced genes, such as those at positions 74EF and 75B, which are turned on as a result of the same pulse ( Figure 4A ). Analysis of locus 68C, which undergoes termination of transcription, allowed us to detect Sec13 at the earliest stage ( Figure 4B ) but showed a loss of Sec13 binding as transcriptional activity diminished. In contrast, at gene loci 74EF, 75B, and 76AB, whose expression was induced during this period, we detected bound Sec13 preceding transcription, followed by an enrichment in Sec13 staining as transcription was initiated ( Figure 4C and Figure S3A ).
To directly test if Sec13 can be recruited to ecdysone-induced genes, recombinant V5-tagged dSec13 protein was injected into salivary glands isolated from early third-instar larvae, which were subsequently cultured in the presence of ecdysone. This hormone treatment has been shown to effectively stimulate transcriptional induction of ecdysone-responsive genes in vitro (Ashburner, 1971 ). The binding of Sec13-V5 to the 74EF/75B puffs was assessed by staining with anti-V5 serum, which colocalized with anti-Sec13 signal at these loci only on chromosomes from glands injected with Sec13-V5, but not with a control V5 fusion protein ( Figure S3D ). Analysis of Nup98 recruitment to chromatin during development revealed a temporal pattern similar to Sec13 at the 74EF and 75B ecdysone-induced sites (data not shown). These results suggest that Sec13 and Nup98 bind genes that are undergoing activation and may play a role in the induction of transcription at target loci.
Interestingly, developmental analysis of the binding of mAb414-positive FG-repeat Nups demonstrated that their recruitment to and persistence at Sec13 target sites accompanies the appearance and enrichment of active RNAP II (Figure 4D and Figures S3B and S3C) . These findings imply that although Sec13 and Nup98 may bind before and possibly participate in transcriptional initiation, the FG-repeat Nups bind at a step after commitment to transcription has occurred during development.
Chromatin Binding of FG-Repeat Nups Is Sensitive to Inhibition of Phosphorylation of RNAP II at Ser2
Since recruitment of mAb414-Nups to transcribing genes suggests a potential role of these Nups in mRNA export, we tested whether it is mediated by RNA. When polytene chromosomes were incubated with RNase A, the presence of Pep, which binds to ecdysone-induced genes in an RNA-dependent manner (Hamann and Stratling, 1998) , was strongly reduced ( Figure 4E ). Yet no significant changes in chromatin binding of Sec13, Nup98, or the mAb414-reactive FG-repeat Nups were observed between RNase-treated and untreated chromosomes, suggesting that interaction of nucleoporins with transcribing loci was not mediated by mRNA.
Next, we asked if Sec13, Nup98, and FG-repeat Nups recruitment requires the process of transcription itself. We treated salivary glands with Flavopiridol (FP), an inhibitor of the kinase Positive Transcription Elongation Factor b (P-TEFb) that specifically phosphorylates serine 2 of the RNAP II C-terminal domain (CTD) (Chao and Price, 2001 ). Inhibition of serine 2 phosphorylation is readily observed on chromosomes from glands treated with FP ( Figure 4F and Ni et al., 2004) and has been reported to result in inefficient transcriptional elongation and reduced recruitment of mRNA-processing factors (Cho et al., 2001; Shim et al., 2002) . Interestingly, whereas binding of Sec13 and Nup98 remained largely unaffected by FP treatment, chromatin association of FG-repeat Nups was dramatically abolished under the same conditions ( Figure 4F ). These results provide further evidence that Sec13 and Nup98 are recruited to active sites before transition into transcriptional elongation, while mAb414-positive Nups are recruited by a mechanism that appears to be dependent on serine 2 phosphorylation of RNAP II or on events accompanying the switch into transcription elongation.
Sec13 and Nup98 Play an Essential Role in Transcription of Developmentally Induced Genes
To test if Sec13 and Nup98 are required for the induction of transcription at their target loci, we analyzed gene expression in the Sec13 knockdown larvae, using an inducible Sec13 RNAi transgenic line ( Figure 1B) . When compared to WT levels at PS3-8 stages, Sec13 RNAi larvae exhibited a pronounced reduction in transcriptional activity of the early genes 74EF and 75B, to which Sec13 is normally recruited during development ( Figure 5A ). This reduction was apparent by both decreased RNAP II staining and the average puff areas of 74EF and 75B, normalized to a nonpuffing control band ( Figures 5A and 5C ). Similar functional results were obtained for the Nup98 RNAi knockdown, as evidenced by the reduction of RNAP II and by the quantification of puffing in the knockdown population, whereas in contrast, RNAi against the scaffold component Nup93 had no effect (Figures 5B and 5C) . Consistently, the mRNA levels of E74A and E75A genes (produced from 74EF puff and 75B puff, respectively; Huet et al., 1993) in salivary glands are reduced when Sec13 or Nup98 levels are decreased by RNAi compared to controls ( Figure 5D and Figures S4B and S4C) .
Importantly, the overall genome-wide levels of RNAP II appeared to be unaffected on chromosomes of Nup RNAi tissues, arguing against a more general transport or nuclear defect. Furthermore, we did not observe a reduction of Sec13 at the NE-located pores in the Sec13 RNAi tissues, which is consistent with its reported stability at the NE in nondividing cells (D'Angelo et al., 2009) , as opposed to pronounced reduction of Sec13 at a genomic locus ( Figure S4A ). 
Sec13 and Nup98 Are Required for Transcriptional Reactivation of Genes Repressed by Heat Shock
Next we analyzed the potential recruitment and effect of Sec13 and Nup98 during transcriptional behavior induced by heat shock (HS), when transcription is globally repressed, except at the nine induced HS loci (Mirault et al., 1978; Spradling et al., 1975) . We observed significant recruitment of Sec13 to only two of the nine induced HS loci, 93D and 67B ( Figure 6A , top panel), arguing against general involvement of Sec13 in heatshock-activated transcription. A similar pattern was observed for Nup98, which was most enriched at the 93D site during HS ( Figure S5B ). In contrast, Sec13 was strongly recruited to a large number of genes undergoing transcriptional reactivation during a 20 min recovery after HS ( Figure 6A and Figures S5A and S5B). Strikingly, Sec13 RNAi larvae exhibited a compromised transcriptional recovery after HS, as evidenced by a reduction in new transcription sites beyond the nine HS loci and by a lack of change in genome-wide RNAP II normally observed in the WT response ( Figures 6B  and 6C ). The post-heat shock recruitment and transcriptional phenotype of Nup98 were found to closely parallel those of Sec13 ( Figure S5B and Figure 6C ). Importantly, Nup98 was not observed at recovering sites in Sec13 RNAi larvae compared to WT ( Figure 6D and Figure S5B ). This dependence suggests that Sec13 may be an initial NPC component recruited to active or soon-to-be active genomic sites and may in turn recruit Nup98. In summary, these results reveal chromatin-bound NPC components as key players in the regulation of developmental and stress-induced transcription programs in metazoa.
Nups Are Associated with Active Genes in S2 Cells
To determine whether the binding to active genes and transcriptional regulation by Nups occur in other cells types, we analyzed chromatin binding of Nup98 in Drosophila S2 culture cells. ChIPon-chip assays were performed with antibodies against Nup98 and a control IgG on Drosophila whole-genome arrays. Analysis of the promoter-associated binding sites identified 841 genes in the fly genome that were specifically immunoprecipitated by the Nup98 antiserum, exhibiting no specific linkage to the X chromosome ( Figures S7A and S7B and Table S2 ). To further determine how chromatin contact sites of Nups correlate with the nuclear periphery, Nup98 target loci were compared to the previously characterized genome-wide binding sites of Lamin (Pickersgill et al., 2006) . Consistent with our observations in polytene nuclei ( Figure 2B ), Nup98-binding sites were found preferentially (98%) outside of reported Lamin sites ( Figure 7A ). To examine the subnuclear position of Nup98 target genes in more detail, we determined the relative position of the FISH signal relative to the NE. In contrast to Lamin-associated genes, which preferentially localize near the NE, Nup98 target genes exhibited a random distribution ( Figure S6A ), further validating the notion that nuclear pore components can bind to chromatin inside the nucleoplasm.
To determine whether Nups may be associated with active genes in S2 cells, Nup98-bound genes were compared to genome-wide expression, obtained by hybridizing cellular mRNA to Affymetrix Drosophila 2.0 gene arrays. We observed that Nup98 target genes exhibit high expression levels when compared to nontarget genes ( Figure 7B ), demonstrating that Nup98 is preferentially targeted to active genes. Furthermore, the analysis of genome-wide mRNA levels in cells in which Nup98 was knocked down with dsRNA ( Figure S6C and Table S3 ) revealed a small but significant reduction in expression of Nup98 target genes compared to nontarget genes ( Figure S6B ), suggesting that Nup98 is required for normal expression of its target genes in S2 cells.
To analyze the functional role of chromatin-bound Nups more directly, we explored the effect of Nup98 and Sec13 on expression of specific target genes. We first selected potential target genes that were also bound by Nup98 and Sec13 on polytene chromosomes. Three candidate loci identified in this manner, CG6014 at 78D, CG13800 at 62E, and Hph at 82EF, were successfully immunoprecipitated by both Nup98 and Sec13 antisera from S2 cells, while control neighboring genes CG32440, CG12163, and CG15877 were not ( Figure 7C and Figure S6E) . Furthermore, the same three target genes were selectively immunoprecipitated using a Myc antibody from cells transfected with a Nup98-Myc fusion construct, but not from mock-transfected cells ( Figure S6D ). According to expression analysis, transcripts from all three genes were strongly reduced by decreased levels of Nup98, and two of them were also reduced in cells treated with dsRNA against Sec13, as assessed from the Sec13 knockdown microarray ( Figure 7D and Table S4 ). Altogether, these results demonstrate binding of Nup98 and Sec13 to specific genes and support the uncovered role of Nup98 and Sec13 in transcriptional regulation of their target genes.
DISCUSSION
We provide evidence for an essential role of chromatin-associated nucleoporins in gene expression of a multicellular organism that seems to be critical for establishing developmental transcription programs and transcriptional response to cellular stress. Surprisingly, the role of Nups in gene regulation is carried out to a great extent by an intranuclear, NE-independent pool of NPC components. This has major implications for our understanding of nuclear organization and its proposed roles in gene regulation. Our data suggest that in metazoa there is no strict requirement of genes to move to peripheral pores because Nups have the capacity to interact with genomic sites independently of the NE. It remains to be determined whether these intranuclear chromatin-binding Nups shuttle between genomic sites and the nuclear periphery, which would be consistent with the dynamic behavior of some pore components . The former possibility is supported by previously reported observations that the dynamic shuttling of mammalian Nup98 and Nup153 is dependent on active transcription by RNAP II and I (Griffis et al., 2002 (Griffis et al., , 2004 . It is tempting to speculate that the mobility of NPC components may establish a mechanism of communication between sites of production of mRNA and sites of its final exit.
Alternatively, the observed role of Nups in transcription could represent NPCindependent subcomplexes inside the nucleus and thus reflect NPC-independent functions of Nups, similar to those of the Nup107/160 complex in kinetochore function in mitosis (Belgareh et al., 2001; Loiodice et al., 2004) . Importantly, the role of Sec13 at transcription sites is not linked to its role in secretion as the knockdown of COPII components did not affect transcription (not shown). Intranuclear Nups have been described in different cell types; however their role remained enigmatic. Recent reports of tissue-specific expression of certain Nups in postmitotic cells, in which NPC assembly is generally absent (D'Angelo et al., 2009), might reflect cell type-specific differences in Nupchromatin interactions.
Given their early recruitment that either precedes or coincides with transcriptional initiation, Sec13 and Nup98 appear to be instrumental in establishing a transcriptionally active state of a particular subset of genes. This role of Sec13 and Nup98 in transcriptional induction agrees with a previous study in yeast, which reported an interaction between Nups and promoters of genes during transcriptional initiation and proposed that transient contact with pore proteins may be a general feature of gene activation (Schmid et al., 2006) . On the other hand, other binding sites of NPC identified by the ChIP approach (Casolari et al., 2004 (Casolari et al., , 2005 were preferentially located at the 3 0 ends of active genes in yeast. This function is likely reflected in the differential recruitment and transcription elongation dependency of FG-repeat Nups, which seem to be involved in later events of transcription.
In yeast, one explanation for the dual 5 0 and 3 0 end binding was suggested to be the presence of both gene ends at the NPC through interactions with different Nups, which would result in DNA looping. Such chromatin loops at the NPC were projected to serve as sites of assembly for transcription and mRNA processing machinery (Blobel, 1985; Menon et al., 2005) and/or to delimit active chromatin domains (Casolari et al., 2005) . This role may be conserved by metazoan Nups at intranuclear active sites, where they can serve as a platform for coregulated assembly of transcription machinery and mRNA export factors. The FG-repeats, found in Nup98 and the mAb414-reactive Nups, are known to interact with mRNA export receptors, such as Mex67/TAP (Strasser et al., 2000) , whereas the particular GLFG type of FG domain of Nup98 can associate with the CBP/p300 histone acetyltransferase (Kasper et al., 1999) . As Sec13 has been found to be very stable at the NPC , it is unlikely that Sec13 itself shuttles, but rather it may exist in a separate intranuclear population. It is possible then that Sec13 either at the pore or at a transcribing locus inside the nucleus serves as the docking point for Nup98, which in turn brings about further recruitment of transcriptional regulators or mRNA export or other RNA processing factors. In this manner, the communication between intranuclear transcription sites and the NE-embedded nuclear pores, suggested above, may be carried out by a shuttling Nup98 component.
Furthermore, other reports revealed that Nups are able to interact with chromatin regions enriched in repressive histone modifications or in nonactive genes (Brown et al., 2008; Casolari et al., 2004) . In support of these observations, our findings demonstrate that other nucleoporins such as Nup88 may be targeted to regions in the genome where they may participate in alternative gene regulatory processes. Significantly, both Nup88 (Agudo et al., 2004) and Nup98 have been implicated in tumorigenesis. Particularly, genomic fusions of Nup98 to transcription regulators have been shown to be the underlying mutations behind multiple types of leukemia (Slape and Aplan, 2004) . The uncovered association of Nup88 and Nup98 with chromatin opens new directions for understanding the roles of NPC components in cancer.
EXPERIMENTAL PROCEDURES
Fly Stocks and Staging UAS-Sec13-RNAi transgenic line GD12035, UAS-Nup98/Nup96-RNAi line GD6897, UAS-Nup93-RNAi line GD7196, UAS-Nup153-RNAi line GD10636, and UAS-Sec31-RNAi line GD13867 were obtained from Vienna Drosophila RNAi Center (VDRC Stocks v50367, v31198, v16188, v47155, v35867 (1) and v35868 (2), respectively). Hypomorphic Nup88 allele mbo 05043 has been described in Uv et al., 2000 . To facilitate developmental staging of larvae, we employed the previously described blue food method (Andres and Thummel, 1994) , which relies on the fact that larvae cease their food intake once wandering third-instar larval stage is reached. In larvae raised on food with 0.02% Bromophenol Blue, Blue (B) larvae, which correspond to PS1-3, Light Blue (LB) larvae, which correspond to PS3-8, and Clear larvae, which correspond to PS8-10, could be distinguished (PS stages as described in Ashburner, 1967) . To compare transcriptional behavior of WT and Sec13, Nup98, Nup93, Nup153, or Sec31 RNAi larvae, we selected LB wandering larvae.
Antibodies
Rabbit polyclonal antibodies were raised against purified recombinant protein of 63 histidine-tagged full-length human Sec13 and affinity purified using GST full-length human Sec13 protein coupled to sepharose beads. Antibodies were used at 50 mg/ml (1:20) for polytene immunofluorescence (IF) staining and 5 mg/ ml (1/200) for western blotting analysis. Rabbit polyclonal antibodies were also raised against and affinity purified with recombinant GST-fusion of dNup98 amino acids 770-939. Antibodies were used at 50 mg/ml (1:20) for IF and at 10 mg/ml (1:100) in western.
For Drosophila polytene IF, mAb414 (Covance MMS-120R) was used at 1:20-1:50, anti-dNup88 at 1:50, anti-dNup154 at 1:20, anti-Gp210 at 1:20, anti-RNAP II MARA3 (which recognizes either Ser5-P or Ser2-P of CTD, but not unphosphorylated CTD; Patturajan et al., 1998) For quantification of puff size, average areas of 74EF and 75B puffs and of a band at 74A, as stained by DAPI, from chromosomes of 12 Sec13 RNAi, 13 Nup98 RNAi, and 11 WT LB larvae were measured in Adobe Photoshop CS2. The average representative fluorescence intensity of Sec13 staining at the NE was quantified by measuring pixels in an area of fixed size, which corresponded to costaining with Lamin Dm0, while Sec13 staining at the 74EF locus was quantified by measuring pixels in an area of 74EF locus. Genomewide levels of RNAP II and Nup98 were measured with integrated density over entire chromosome spreads at the HS or HS+20 time points (6-10 of either WT, Sec13 RNAi, or Nup98 RNAi larvae for each time point). Colocalization analysis of red and green channel was performed using a macro that draws line profiles from a RGB image (Image J).
RNase A, Flavopiridol, and Heat Shock Treatments For RNase treatment, salivary glands from larvae of LB stage were dissected in PBS and pretreated in PBS/0.1% TritonX for 1.5 min. The two lobes of the same pair of salivary glands were separated, with one incubated in 0.7% NaCl (-RNase) and the other in 0.7% NaCl with 1 mg/ml RNase A (Ambion) (+RNase) for 8-20 min. For Flavopiridol (FP) treatment, the two lobes of salivary glands from LB stage were separated, one incubated in 50% Grace's Medium (Sigma-Aldrich) (-FP), the other in 50% Grace's Medium plus 800 nM FP (+FP) for 30-50 min. For heat shock, larvae were incubated for 30 min-1 hr at 37 C, recovered at RT for 0-20 min.
RT-PCR
Total RNA from 5-10 salivary gland pairs from LB stage larvae was isolated using Trizol reagent. Adjusted equal amounts of RNA from glands of different genotypes were reverse-transcribed using QuantiTect RT kit and used as templates for PCR (see Table S1 ). Quantification was done on RT-PCR reactions from at least three independent RNA preparations for each genotype, using Image J.
FISH
Probes were generated from BAC DNA (Children's Hospital and Research Center, Oakland) with Fluorescein-12-dUTP using the FITC-labeling kit (Enzo Bioprobe Nick Translation Kit). FISH with polytenes were carried out with BACs 98-24H3 for 78D, RP98-15B4 for 62E, RP-17A14 and RP98-26J11 for 75B using the protocol described in Epigenome NoE (http://www. epigenome-noe.net). FISH with S2 cells (BACs listed in Figure S6 ) were performed as described by Enzo/Empire Genomics (http://www.empiregenomics. com/main/resources/faq/49-labeled-rp11-bac-probes/155-protocol-forlabeled-bac-probes).
Injections of Salivary Glands
Recombinant Drosophila Sec13-His-V5 and dTomato-His-V5 were purified using nickel beads and dialyzed into PBS to 2 mg/ml final concentration. Salivary glands from PS1-2 or before-wandering larvae were mounted onto agarose drops on coverslips and injected with protein at 0.05-0.5 ml/cell. The glands were incubated in Grace's medium with 6 mM ecdysone (Sigma) for 1 hr, then fixed and stained as described above.
RNAi and Microarray Analysis in S2 Cells S2 cells were maintained in Schneider's media (Invitrogen) with 10% FBS (GIBCO). The RNAi treatment was carried out essentially as described previously. dsRNA was generated from PCR templates (see Table S1 for primers) using the Megascript T7 Kit (Ambion). For each RNAi experiment, 15 mg of dsRNA was added to 1 ml of 10 6 cells/ml, incubated in serum-free media for 1 hr, then supplemented with 2 ml of regular media and incubated for 48 hr. At 48 hr, the RNAi treatment was repeated and final samples were harvested at 96 hr. Total RNA was prepared using RNAeasy kit (Quagen) and labeled for microarray analysis by the Salk Functional Genomics Core Facility. The hybridizations were done on Affymetrix Drosophila 2.0 gene chips, and the raw data analyzed by Affymetrix software. Nup98 and Sec13 RNAi datasets were compared to dWhite data sets, with 1.5-to 2-fold cut-offs.
Chromatin Immunoprecipitation S2 cultures were crosslinked with 1% formaldehyde solution for 10 min, lysed in RIPA buffer, and sonicated to generate DNA fragments <1 kb. Chromatin was precleared and immunoprecipitated using Nup98 antibody at 1:50 dilution and Sec13 antibody at 1:200 dilution. DNA was eluted, purified, and subjected to PCR. For ChIP-on-chip analysis, the Nup98 antibody-or normal rabbit IgGimmunoprecipitated DNA in duplicates was labeled and co-hybridized with input DNA to 2.1M Drosophila whole-genome arrays by NimbleGen Systems, Inc. ChIP peak data were generated by NimbleGen, and genes with peaks of scaled log 2 -ratio R1 and FDR score %0.05 were selected as Nup98 targets. Chromosome views were generated using Affymetrix Integrated Genome Browser. Analyses of Nup98 binding and expression correlation were performed using the R package for statistical computing.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and four tables and can be found with this article online at doi:10.1016/j.cell.2009.12.054.
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